The feedback pathway from HCs to cones forms the basis of the surround responses of the bipolar cells and is essential for the spectral opponency of horizontal cells. The nature of this feedback pathway is an issue of debate. Three hypothesis are presented in literature: (1) a GABA A -ergic feedback pathway; (2) a GABA-independent feedback pathway that modulates the Ca-current in cones; and (3) an electrical feedback pathway. In this review the evidence for the various pathways will be discussed. The conclusion is that the available evidence favors the hypothesis that feedback modulates the Ca-current in the cones in a GABA independent way. An alternative role of GABA in the outer plexiform layer is discussed and finally the functional consequences of the negative feedback pathway from horizontal cells to cones are presented.
Basic functional connectivity in the outer retina
In this mini-review, the present understanding of the negative feedback pathway from horizontal cells (HC) to cones will be discussed. The main focus will be on the goldfish retina but data obtained in other species will be discussed as well. In goldfish, four cone types can be found (UV-, S-, M-, L-cones) (Marks, 1965; Haró si & MacNichol, 1974; Haró si, 1976; Stell & Haró si, 1976; Palacios, Varela, Srivastava & Goldsmith, 1998) . The cones release glutamate in the dark at a high rate in a Ca-dependent manner 1 (Murakami, Ohtsu & Ohtsuka, 1972; Cervetto & Piccolino, 1974; Lasater & Dowling, 1982; Copenhagen & Jahr, 1989; Marc, Liu, Kalloniatis, Raiguael & Van Haesendonck, 1990) . Glutamate activates glutamate receptors on HC and bipolar cells (BC). HCs and hyperpolarizing BCs (HBC) possess AMPA-type glutamate receptors (Shiells, Falk & Naghshineh, 1981; Slaughter & Miller, 1981; Lasater & Dowling, 1982; Tachibana, 1985; Nawy & Copenhagen, 1990; Sakai & Kaneko, 1996; Schmidt, 1997) and rest therefore relatively depolarized. Depolarizing BCs (DBC) on the other hand possess APB-type and transporter-like glutamate receptors (Nawy & Copenhagen, 1987; Nawy, Sie & Copenhagen, 1989; Nawy & Jahr, 1991; Grant & Dowling, 1995) and rest therefore relatively hyperpolarized. Light stimulation leads to cone Response to a 4.5 mm spot of light (496 nm, − 1.8 log), flashed on for 400 ms, while the cone's direct light-response was saturated by a continuous 65 mm spot of light centered on the cone (496 nm, 0 log). The membrane potential with only the spot was − 45 mV . Printed with permission of Elsevier.
(mainly 2 ) due to negative feedback from HCs to cones. The nature of this feedback pathway is the topic of this review.
Mechanisms for negative feedback
Baylor et al. (Baylor, Fuortes & O'Bryan, 1971) were the first to record depolarizing responses in cones to annular stimulation. They showed that these responses are due to the activity of HCs. Fig. 1 shows the hyperpolarizing response to small spot stimulation (left) and the depolarizing response to surround stimulation (right) of a cone in the isolated retina of goldfish . Various mechanisms for this surround induced response have been proposed. They can be grouped in two main classes: (1) GABA Aergic 3 negative feedback; and (2) Ca-dependent negative feedback. In the GABA A -hypothesis, it is assumed that HCs feedback to cones by modulating GABA-gated conductances in the cones and that HCs release GABA. In the Ca-dependent feedback hypothesis it is assumed that HCs modulate the Ca-current in cones directly. The neurotransmitter involved is not yet known.
Although a large body of evidence supports the GABA A -ergic hypothesis, we have shown recently that, hyperpolarization and to a reduction of glutamate release. This results in hyperpolarizing light responses in HCs and HBCs and depolarizing light responses in DBCs. Since HCs are strongly electrically coupled, they respond best to light when they are stimulated with large spots: i.e. they have large receptive fields (Naka & Rushton, 1967; Norton, Spekreijse, Wolbarsht & Wagner, 1968; Kaneko, 1971) . BCs on the other hand, respond strongly to small spot stimulation, whereas stimulation with an annulus generates a small response of opposite sign: i.e. their receptive field has a center/surround organization (Werblin & Dowling, 1969; Kaneko, 1970) . These small surround induced responses are Fig. 2 . Reversal potential of GABA-induced currents recorded from a cone with red oil droplet (red-sensitive cone) in turtle retina. Whole-cell recording using a patch pipette filled with the control solution ([Cl − ] i =120 mM). (A) The cell was voltage clamped at potentials indicated to the left of each trace, and GABA was applied ionophoretically to the cone pedicle from a fine glass pipette. The timing of ionophoretic current (intensity + 50 nA, duration 10 ms) is indicated at the bottom. Brake current of −18 nA was continuously passed to prevent leakage of GABA from the pipette. Current traces were shifted vertically by an arbitrary amount. (B) current-voltage relationship of GABA-induced responses measured at their peaks (Kaneko & Tachibana, 1986) . Printed with permission of The Physiological Society of London. The current evoked by 200 mM GABA, when 20 mM DNQX, 100 mM PTX and 20 mM SKF 89976-A are present in the bath (average of seven cones, E cl = −45 mV) . Printed with permission of Elsevier.
1989; Yazulla & Studholme, 1997) and electrophysiological grounds (Verweij, Kamermans, Negishi & Spekreijse, 1998) . Fig. 3 shows the GABA-gated Cl-cur- Fig. 4 . Transmission from a HC to a BC during conditions that keep the cytoplasmic Ca 2 + concentration constant. The extracellular medium lacked Ca 2 + and contained the Ca 2 + chelator BAPTA. The solutions in patch pipettes included a Ca 2 + buffers. (A) Membrane currents were recorded from a BC. During each trace the voltage of an opposed HC was stepped (as indicated by the timing trace) from −80 mV to a new value (written at the right of each trace). Membrane voltage of the BC was kept at −10 mV. (B) The BCs membrane current, measured at the end of each step, is plotted against the voltage of the HC maintained during the step. (Hyperpolarizing the HC from −80 to −120 mV did not produce a current change in the BC.) Similar results were obtained with five cell pairs (Schwartz, 1987) . Reprinted with permission from Schwartz, 1987 . Copyright, 1987 Association for the Advancement of Science.
at least in goldfish, the negative feedback from HCs to cones is due to a GABA A -independent modulation of the cone Ca-current . Since the debate about the negative feedback pathway seems to favor the Ca-dependent mechanism, it may be appropriate to discuss the literature about the GABA A -ergic negative feedback hypothesis. We will incorporate the results from the studies in favor of the GABA-hypothesis into a comprehensive model for the synaptic pathways in the outer retina. Lasansky and others (O'Bryan, 1973; Piccolino & Gerschenfeld, 1978; Lasansky, 1981; Burkhardt, Gottesman & Thoreson, 1988; Barnes & Deschenes, 1992; Kraaij, Kamermans and Spekreijse, unpublished results) have suggested that the surround-induced responses in cones depend strongly on Cl − . Consistent with this notion, Kaneko and Tachibana (1986) found, in turtle retina, that GABA generates a current in Land M-cones (Fig. 2 ) that could be blocked by picrotoxin (PTX) or bicuculline (BICC) and that this current reversed at E Cl . They concluded that cones contain GABA A -gated Cl-channels, which was confirmed for goldfish on both immunocytochemical (Studholme & Yazulla, 1988; Yazulla, Studholme, Vitorica & De Blas, (C) Spectral response records after recovery from the BICC application (Murakami et al., 1982a) . Printed with permission of Japanese Physiological Society. rent in cones of an isolated goldfish retina, as measured with a whole cell patch clamp technique. Skrzypek and Werblin (1983) and Wu (1991 Wu ( , 1993 showed that the surround-induced responses in salamander cones with either a damaged or without an outer segment, could be reduced by GABA-antagonists and that these responses reversed at − 67 mV. They argued that, in their experimental conditions, this potential was E Cl and that these potential changes were mediated by a GABA-gated Cl-current.
E6idence for GABA A -ergic negati6e feedback from HCs to cones
Yazulla and others (Marc, Stell, Bok & Lam, 1978; Yazulla & Brecha, 1980; Yazulla, 1981; Ball, 1987; Studholme & Yazulla, 1988) showed that HCs contain GABA and GAD making these cells the likely source of GABA to stimulate the GABA A -receptors on the cones. Furthermore, it was shown that HCs can release GABA in a Ca-independent way (Marc et al., 1978; Schwartz, 1982; Yazulla & Kleinschmidt, 1982 Ayoub & Lam, 1985) . Schwartz (1987) showed in an elegant series of experiments, that indeed the HCs can release GABA via a GABA-transporter working in the reversed mode and that the amount of GABA released by polarizing isolated HCs was sufficient to activate glutamate receptors in isolated BCs (Fig. 4) . So, all the components for a GABA A -ergic negative feedback pathway from HCs to cones seem to be present.
Additional evidence for the GABA hypothesis came from intracellular HC recordings from the three types of cone-driven HCs in goldfish retina. MonophasicHCs (MHC) hyperpolarize over the whole spectrum, biphasic-HCs (BHC) hyperpolarize in the short and middle wavelength part of the spectrum and depolarize in the long wavelength part of the spectrum and triphasic-HCs (THC) hyperpolarize in the short and long wavelength part of the spectrum and depolarize in between (Norton et al., 1968) . The depolarizing responses were thought to be generated via negative feedback from HCs to cones Stell, Lightfoot, Wheeler & Leeper, 1975; Stell, Barton, Ohtsuka & Hirano, 1994; Kamermans & Spekreijse, 1995) . Murakami and co-workers (Murakami, Shimoda, Nakatani, Miyachi & Watanabe, 1982a,b) showed that these depolarizing responses could be blocked by GABA, PTX or BICC, consistent with the idea that the depolarizing responses are generated via a GABA A -ergic negative feedback from HCs to cones (Fig. 5) . So, the GABA story seems strong, with all the components present and functioning. Fig. 6 . The surround-evoked currents in cones in isolated goldfish retina evoked with a stimulus similar to the one used in Fig. 1b , plotted against the holding potential. The initial surround-evoked current was defined as the difference between (1) the average of the current 100 ms after the start of the 4.5 mm stimulus and the current at the end of the 4.5 mm stimulus; and (2) the average of the current just before the 4.5 mm stimulus and the current 100 ms after the ending of the 4.5 mm stimulus . Printed with permission of Elsevier. The surround evoked currents remained in the presence of 200 mM PTX. Although, in this experiment, the current in PTX was somewhat smaller than the control current, this was not a general finding in all tested cells (n=6) . Printed with permission of Elsevier
E6idence for Ca-dependent feedback from HCs to cones
Piccolino and Gerschenfeld (Piccolino & Gerschenfeld, 1978; were the first to show that Ca 2 + is involved in the negative feedback from HCs to cones in turtle retina. They found that surround stimuli often induced depolarizing spikes in cones. Since these spikes could be rather prolonged and did depend on Ca 2 + (Fig. 8) , they suggested that feedback leads to a Ca-influx in the cone which will depolarize the cone leading to further depolarization and subsequent Ca-influx, thus generating a regenerative Ca-spike. Although Gerschenfeld and Piccolino suggested that these Ca-spikes were probably not physiological, these experiments indicate that feedback from HCs to cones leads to a Ca-influx in cones. In line with this, we have shown in goldfish that surround stimulation modulates the Ca-current in voltage clamp conditions Kraaij et al., 1999) . This indicates that the Ca-influx is not secondary to cone depolarization but that surround stimulation modulates the Ca-current directly. Fig. 9 illustrates the IV-relations of a cone, either saturated with a 65 mm white spot (closed symbols) or stimulated with an additional full field (open symbols). We could show that the change in the IV-relation was due to a shift of the activation function of the Ca-current in the cones. Hyperpolarization of the HCs leads to a shift in the Ca-activation function to more negative potentials. In Fig. 10 a schematic drawing of the Ca-current of the cones is given. The left panel illustrates the events in a cone/HC synapse without feedback. Since the light responses of cones are hyperpolarizing (DV cone ), they lead to a reduction in the Ca-current (DI Ca ) in the cones, a subsequent reduction of the glutamate release and thus to hyperpolarization of the HCs. The right panel illustrates the events with feedback from HCs. As in the case without feedback, hyperpolarization of the cones leads to a reduction in I Ca (DI Ca ) and to horizontal cell hyperpolarization. The hyperpolarization of the HCs leads to a shift of the activation function of the Ca-current in the cones to negative potentials, resulting in an increase in I Ca (DI Ca − fb ). This will lead to an increase of glutamate release. The HC-induced modulation of the activation function of the Ca-current in the cones functions as a negative feedback pathway.
How can these results be brought in line with the evidence that the surround induced responses are carried by Cl − ? The involvement of Cl − in negative feedback turns out to be secondary to the Ca-influx. Cones have Ca-dependent Cl-currents (Barnes & Hille, 1988; Okada, Horoguchi & Tachibana, 1995) and it has been suggested that the influx of Ca 2 + would lead to an
However, many problems exist with the GABA-hypothesis [see for instance: Burkhardt (1993) ]. Firstly, the few experiments in which the surround-induced depolarizing responses in cones have been measured directly, showed a conductance increase instead of a conductance decrease (Lasansky, 1981; Verweij et al., 1996) . This is contrary to what the GABA hypothesis predicts. Secondly, many people were unable to block the depolarizing responses in spectrally coded HCs with PTX, BICC or a high dose of GABA [see for instance: Perlman and Normann (1990) ]. Finally, the IV-relation and the pharmacology of the surround induced currents were not consistent with the GABA-hypothesis . The GABA-hypothesis predicts that surround stimulation blocks a linear current with a reversal potential around the reversal potential of Cl − . However, the surround induced currents were always inward, could not be reversed (Fig. 6) , were maximal at about − 45 mV and could not be blocked by PTX or other GABA-antagonists (Fig. 7) . These results prove directly that, at least in goldfish, the negative feedback from HCs to cones is not GABA A -ergic. Furthermore, no evidence could be found that the surround induced currents were mediated via a GABA B -receptor .
Summarizing
All components for a GABA A -ergic negative feedback pathway from HCs to cones are present in the outer plexiform layer (OPL) and all these components seem to function. Curiously, direct measurement of the currents in cones underlying the surround induced responses show that these responses are not mediated via this GABA A -ergic pathway. In the next section a feedback mechanism between HCs and cones that does not have these inconsistencies will be presented and later in this review a role for a GABA A -ergic pathway in the outer retina will be proposed. (Piccolino, 1995) . Printed with permission of Pergamon.
increase in the Cl-conductance (Burkhardt et al., 1988; Maricq & Korenbrot, 1988; Burkhardt, Zhang & Gottesman, 1991; Barnes & Deschenes, 1992; Vandenbranden, Verweij, Kamermans, Muller, Ruijter, Vrensen et al., 1996; Verweij et al., 1996) . This is consistent with the finding that surround stimulation results in an increase of the conductance of a cone instead of a decrease as needed in the GABA hypothesis.
To judge the relevance of this Ca-dependent Cl-current for the synaptic transmission between HCs and cones, it becomes crucial to know the value of E Cl in cones. With E Cl more positive than the resting membrane potential, surround stimulation can induce a regenerative depolarization, triggered by the increase of the Ca-current and maintained by the activity of the Ca-dependent Cl-current (Thoreson & Burkhardt, 1990; Burkhardt et al., 1988 Burkhardt et al., , 1991 Thoreson & Burkhardt, 1991) . This phenomenon is called prolonged depolarization. Is this a physiological finding or is this behavior of the cones in turtle retina due to some experimental factor? Burkhardt and co-workers used in most of their experiments sharp microelectrodes filled with 1.5 mM KCl and 1.5 mM potassium acetate. The positive value of E Cl , in their experiments might have been due to leakage of Cl − out of the pipette into the cell. To test whether this was the case, they removed all Cl − from the pipette solution and recorded surround induced responses in cones. Although the responses remained depolarizing, they were not as large as with the Cl − containing electrodes. Therefore, they concluded that E Cl under physiological conditions was slightly more positive than the resting membrane potential. In summary: the available evidence suggests that in turtle retina E Cl is more positive than the resting membrane potential. However, due to the nature of the experiments (intracellular electrode recordings) there remains uncertainty about the exact value of E Cl in turtle cones.
Picaud and co-workers (Picaud, Larsson, Wellis, Lecar & Werblin, 1995) have determined the value of E Cl in salamander cones using Ca-sensitive dye's. They stained cells with the membrane permeable form of the Ca-indicator fura-2. Depolarizing the cones using puffs of potassium chloride induced an increase of the Caconcentration. This potassium chloride-induced increase of Ca-concentration was absent when the Cl-conductance of the glutamate transporter was activated, suggesting that in salamander E Cl had to be more negative than the activation function of the Cacurrent. Therefore they concluded that E Cl is more negative than the resting membrane potential in salamander. The advantage of their approach is that it did not interfere with the ionic composition of the cones because membrane permeable dye's were used to stain the cells.
There exists only one study that tried to measure E Cl in cones directly using sharp microelectrodes (Miller & Dacheux, 1983) . They succeeded in recording from only one cone and found that in mudpuppy E Cl (− 46 mV) is almost identical to the dark resting membrane potential (− 48 mV).
We estimated E Cl in goldfish cones using whole cell patch clamp techniques and determined the reversal potential of the Ca-dependent Cl-current at various moments after achieving whole cell configuration. By extrapolating these measurements to time zero, we found that E Cl was about − 55 mV, which is more negative than the resting membrane potential (about − 42 mV) (unpublished results). Using pipette solutions that yield an E Cl of −50 mV, which is close to the physiological value, we studied the surround-induced Fig. 9 . (a) The average leak subtracted IV of three cones in isolated goldfish retina, with and without feedback stimulus. The leak subtraction procedure removed the linear part of the IV, as determined for holding potentials between −60 and − 70 mV. The leak subtracted currents of three cones were normalized to the average peak amplitude, and averaged. The error bars represent the standard error of the three normalized leak subtracted currents, as the individual currents had very similar shapes but quite different amplitudes. (b) The data from (a) were divided by the linear currents that best fitted the data between −2 and 15 mV. These curves were interpreted as estimates of the calcium-current activation functions. The estimated half-maximum activation potentials of the calcium-currents were, respectively − 31 and − 38.5 mV, without and with surround stimulus . Printed with permission of Elsevier. responses in cones. With E Cl at that value, surround stimulation did not generate a pronounced voltage response in the cones. To account for this, one has to realize that two opposite effects of feedback play a role: (1) negative feedback induces a Ca-influx in the cones that tends to depolarize the cones; and (2) the Ca-influx induces a Cl-current which tends to hyperpolarize the cones. This makes feedback from HCs to cones, at least in goldfish, almost electrically silent. The cone membrane potential is hardly modulated by feedback from HCs whereas the intracellular Ca-concentration and thus the glutamate release is strongly modulated by feedback from HCs.
As discussed above, there might be a difference between the various species concerning the exact value of E Cl . Under physiological conditions feedback might depolarize cones slightly in some species whereas in others this depolarization might be absent. The question arising now is whether this is a fundamental or only a quantitative difference. It has been argued that with a positive value of E Cl feedback induces a depolarization and thus is negative feedback whereas with a negative value of E Cl feedback would induce a hyperpolarization and thus would be positive feedback. In this respect, it is important to realize that in a feedback system that targets the Ca-current directly, changes in membrane potential are secondary to the modulation of the Ca-current and not the source of the modulation of the Ca-current. This means that the polarization of the cones is not a good estimate of the feedback signal. The difference between a positive or a negative value of E Cl is not positive or negative feedback, but results in change in efficiency of feedback. A positive value of E Cl will slightly amplify negative feedback whereas a negative value will slightly reduce negative feedback. Taken together, it seems that the differences between the various species are of a quantitative nature and that although turtle and goldfish might have different values of E Cl , the overall functioning of the feedback system is very similar. HC polarization modulates the Ca-current in cones, which leads to a modulation of glutamate release. In addition to this, the modulation of the Ca-current will lead to modulation of the Ca-dependent Cl-current which might or might not polarize the cone by a few millivolts. This seems the way the feedback pathway from HCs to cones functions in goldfish and presumably in all (lower)vertebrates.
It is interesting to see how the 25 year old observations of O'Bryan (1973) in turtle cones seem to be completely in line with the above formulated hypothesis. He wrote '…that at least two actions are important in bringing about the synaptic responses (in cones) to peripheral illumination, a rapidly rising and decaying depolarizing action which could not be reversed (I Ca modulation) and a slower, long lasting process which was reversed by depolarizing current (I CaCl ) 4 .
GABA in the outer retina

Accounting for the GABA-sensiti6ity of the feedback signal
The questions arising now are: why have so many people have found support for the GABA hypothesis?, and what is the role of GABA in the outer retina? Let us first focus on the data available for GABA A -ergic pathways in the OPL. Literature indicates that cones have GABA A -receptors, which are located in the synaptic terminal. They are not associated with a particular process but are distributed rather diffusely (Yazulla et al., 1989; Yazulla & Studholme, 1997) . However, in the OPL of many species cones are not the only cells that have GABA A -receptors but also HCs have GABA A -receptors. This evidence is very strong, ranging from data of dissociated HCs from fish retina (Dong, Picaud & Werblin, 1994) to intact isolated retina preparations (Kamermans, 1989; Verweij et al., 1998) . In some species only cone-driven HCs have GABA-receptors (Dong & Werblin, 1993) whereas in others only roddriven HCs have GABA-receptors (Qian & Dowling, 1993) . The reason for this diversity is not clear at all.
The presence of the GABA A -receptors on HCs questions the experiments using GABA-antagonists in the retinal slice, the isolated retina, and the eyecup preparation. Application of GABA, PTX or BICC will not only modulate the GABA-receptors on the cones, but will also modulate the GABA A -receptors on the HCs and will interact with the GABA A -ergic inhibition of the dopaminergic interplexiform cells. To predict the effect of GABA, PTX or BICC application on the surround-induced responses in cones, one has to take into account that, at least in goldfish and salamander, the reversal potential of the Cl-current in cones is slightly more negati6e (unpublished results), whereas in HCs it is more positi6e than the resting membrane potential (Miller & Dacheux, 1983; Djamgoz & Laming, 1987) . Thus, application of PTX will hyperpolarize HCs which leads to a shift of the Ca-current activation function in the cones to more negative potentials , resulting in an increase of glutamate release by the cones. In addition to this effect, the cones might depolarize, due to the closure of their GABA Areceptors which will also lead to an increase of glutamate release. Furthermore, the dopamine release is under GABA-ergic inhibition (Negishi, Teranishi & Kato, 1983 ) and the amount of GABA released in the OPL and the sensitivity of the glutamate receptors (Knapp & Dowling, 1987 ) is under dopaminergic control. So, application of PTX might, via these pathways, modify the glutamatergic input to HCs and thus, indirectly the feedback signal of the HCs to the cones. Taken together, blocking GABA A in the retina will have multiple effects on the processing in the OPL.
One way of explaining the PTX results of Murakami and co-workers (Murakami et al., 1982a (Murakami et al., , 1982b , who showed that application of PTX blocks the depolarizing response of BHCs (Fig. 5) , is to assume that the activation of the multiple GABA-ergic pathways eventually leads to the saturation of glutamate receptors on HCs. With E Cl in cones more negative than the resting membrane potential, application of PTX will depolarize the cones and thus lead to an increased glutamate release. Furthermore, application of PTX might lead, via dis-inhibition of the dopaminergic interplexiform cells (Negishi et al., 1983) , to an increase in dopamine release which will result in a higher sensitivity of the glutamate receptors on HCs (Knapp & Dowling, 1987) . In such a condition, a further increase of the glutamate release by the cones due to negative feedback from the HCs might not lead to a noticeable depolarizing response in the HC. At first glance Murakami's experiments suggest that PTX blocks negative feedback, whereas on second thought the application of PTX Fig. 10 . A schematic drawing of the IV-relation Ca-current in cones. In this drawing the effect of light stimulation and feedback on the size of the Ca-current is illustrated. At the left side the condition without feedback is given. In the dark, cones rest relatively depolarized. Light stimulation results in a hyperpolarizing response (DV cone ) in the cones. This hyperpolarization yields a reduction in the Ca-current (DI Ca ) which eventually results in a reduction of the glutamate release and hyperpolarization of the HCs. At the right side the effect of feedback from HCs to cones is illustrated. Hyperpolarization of HCs shifts the Ca-current to negative potentials. This shift in Ca-activation range results in an increase in Ca-current (DI Ca − fb ), an increase in glutamate release and eventually to the slight depolarization of the HCs. (Wu, 1991) . Printed with permission of The Society for Neuroscience.
whereas others did not. Summarizing, although at first glance the PTX and BICC experiments seem very convincing, many indirect effects could have contributed to the results obtained.
Another strong piece of evidence in favor of the GABA hypothesis are the experiments of Wu (Wu, 1991) on truncated cones in salamander retina. He found that the surround induced responses in cones could be reversed when the cone was polarized below about − 67 mV (Fig. 11) . He argued that this value is equal to E Cl in salamander. Now, let us assume for a moment that feedback in salamander is also mediated via direct modulation of the Ca-current in cones by the HCs. As was shown by us, the feedback-induced currents do not reverse with hyperpolarization; they reduce and at potentials more negative than −60 mV become so small that they cannot be detected anymore. This is consistent with the work of O'Bryan in turtle retina Fig. 12 . Schematic drawing of electrical feedback mechanism as described by Byzov and co-workers (Trifonov et al., 1974; Byzov et al., 1977; Byzov & Shura-Bura, 1986; Byzov, 1994) . g non-synaptic is the non-synaptic membrane conductance, g ex is the conductance of the extracellular space, g synaptic is the conductance of the AMPA-type glutamate receptors on the dendrites of the HCs, g Ca is the conductance of the Ca-channels in the cone terminal. Point 1 is taken as reference point and the potential at that position is assumed to be zero. In the dark, cones release glutamate and therefore, the AMPAtype glutamate receptor will be activated (g synapse ). A current will flow through this conductance into the HC. Because g ex has a finite value, a potential drop will occur between the points marked 1 and 2. The consequence is the potential fall sensed by the Ca-channels in the cones will be less compared to the condition that g ex is infinite. Closing g synaptic leads to a reduction of the current through the extracellular space and thus to a reduction of the voltage drop across g ex . This leads to an increase in the voltage drop sensed by the Ca-channels. This dependence of the voltage drop sensed by the Ca-channels on the current flow through the AMPA-type glutamate receptor forms the basis of the negative feedback mechanism proposed by Byzov and co-workers. might have shifted the HC/cone system out of its operating range.
To complicate things even further, the amount of GABA release varies strongly with the adaptation state of the retina (Yang & Wu, 1989; Kamermans, Van Dijk, Spekreijse & Werblin, 1991; Stockton & Slaughter, 1991; Kamermans & Werblin, 1992) . In the darkadapted retina GABA release is high (Yazulla & Kleinschmidt, 1982 and thus the effect of PTX will be strong, whereas in the fully light-adapted retina, GABA release is reduced and thus the effect of PTX will be less or might even be completely absent. Note that the size of the depolarizing responses of the BHCs and THCs also gradually changes with adaptation state [see for instance Wagner & Djamgoz (1993) ]. This may explain why some authors have found effects of PTX on the depolarizing responses of the BHCs and THCs Fig. 13 . The average normalized current (maximal inward current = −1) induced by DNQX in voltage clamped cones in the isolated goldfish retina. The peak values of the individual DNQX induced currents varied between − 22 and − 65 pA . Printed with permission of Elsevier.
high (Yazulla & Kleinschmidt, 1982 Yang & Wu, 1989; Stockton & Slaughter, 1991; Kamermans & Werblin, 1992) . Based on the knowledge of the GABA-ergic pathways in the OPL, we can speculate what will happen to signal transduction in the OPL when the GABA-concentration is high. In the dark-adapted retina, when the GABA-concentration is high, a GABA-ergic positive feedback pathway Fig. 14. Steady-state IV-relation of the cGMP-gated and the voltagegated Ca-currents in salamander cones. In salamander cones NO activates the cGMP-gated channel via a cGMP-pathway. pCPTcGMP is a non-hydrolysable analog of cGMP. (A) IV-relation of a cone in normal (circles) and pCPT-cGMP (squares) The difference between these curves is due to the activation of the cGMP-gated Ca-channel. (B) IV-relation of a cone in control (circles) and in 1 mM nifedipine (squares). The difference between these curves is due to the block of the voltage-gated Ca-channel. (C) IV-relation of the cGMPgated channel obtained by subtraction of the IV-relation of the IV-curve in control saline from the IV-curve in pCPT-cGMP, both obtained in the absence (circles) presence (squares) of 1 mM nifedipine (Savchenko et al., 1997) . Printed with permission of Nature, MacMillan Magazines Ltd. (O'Bryan, 1973) . Thus, if feedback in salamander is also mediated by modulation of the Ca-current then the surround-induced response should not reverse but disappear at very negative potentials. However, Wu did find a reversal of the response. One way of accounting for this hyperpolarizing response at very negative potentials found by Wu is to assume that the truncated cones were slightly coupled to neighboring cones. Evidence for such coupling can be found in the work of Attwell, Wilson and Wu (1984) . The response of the truncated cone will be the sum of the hyperpolarizing influence of the cone -cone coupling and the depolarizing influence of the Ca-dependent feedback. Injecting hyperpolarizing current in the cones, will shift the balance from the depolarizing influence imposed by modulation of the Ca-current and the hyperpolarizing influence via the cone -cone coupling. At very negative potentials feedback will not induce any depolarizing influence anymore and the response of the cone will be completely driven by cone -cone coupling. This will be seen as a reversal of the cone response. Although the above argumentation does not prove that negative feedback in salamander is a GABA-independent modulation of the Ca-current in cones, it does offer an alternative explanation of the results of Wu in line with the Ca-dependent feedback hypothesis.
The role of GABA in the outer plexiform layer
In the first part of this review we have shown that GABA is not the neurotransmitter involved in the fast negative feedback pathway from HCs to cones. Obviously, the next point to discuss is the role of GABA in the outer retina. We will propose that GABA is a neuromodulator in the outer retina that controls the responsiveness of the cone-driven pathway. In the darkadapted retina the Ca-independent GABA-release is Note that a small, weakly inactivating, inward current remains in rod response after application of nifidipine. I/V profile plotted at peak of this current was indistinguishable from steady state current (Thoreson et al., 1997) . Printed with permission of The American Physiological Society.
from HCs to themselves exists (Kamermans & Werblin, 1992) . In salamander retina, this GABA-ergic positive feedback pathway can become regenerative and leads to a slowing down of the HC response without much change in maximal response amplitude. Although all components for such a GABA-ergic positive feedback loop are present in goldfish, similar response behavior has not been found. It seems that the gain of this loop in goldfish is such that it never becomes regenerative. The reason for this different tuning of the GABA-ergic positive feedback loop in goldfish and salamander might be that HCs in salamander receive both rod and cone input whereas in goldfish the cone-driven HCs receive exclusively cone input. The positive feedback loop in salamander seems to slow down the HCs to adjust the HC dynamics to the slower rod responses.
GABA will presumably also activate the GABA-receptors on the cones. Cones will slightly hyperpolarize due to the high GABA-concentration because E Cl is more negative than the resting membrane potential (unpublished results), leading to a reduction of the Ca-current and thus to a reduction of glutamate release by cones. On the other hand, since in HCs E Cl is more positive than the resting membrane potential (Miller & Dacheux, 1983; Djamgoz & Laming, 1987) , it is expected that HCs will slightly depolarize in response to the increased release of GABA. Since depolarization will result in a shift of the cone Ca-current activation function to more positive potentials , application of GABA will result in an additional reduction of the glutamate release of the cones which leads to a shut off of the cone system.
One could argue that such a shut off of the cones in the dark-adapted retina is not necessary because, in the dark-adapted condition, only the rods are modulated. Mixed BCs receive input from both rods and cones (Sherry & Yazulla, 1993) . In the dark-adapted retina without a GABA A -ergic system, the cones would release a great amount of glutamate in the dark and the cone-driven AMPA-type receptors on the HBCs would be stimulated strongly. Dim light stimuli would only stimulate the rods and only the rod-driven AMPA-type receptors on the BCs will be modulated. However, due to the large sustained cone input in this condition, the membrane potential of the HBCs would hardly be modulated. The cone input would shunt the rod-input. In the dark-adapted retina with a GABA A -ergic system, the situation is different. With a high GABA-concentration, cones will be hyperpolarized and cone-driven HCs will be depolarized and as explained above the total amount of glutamate released by the cones will be reduced, leading to a closure of the AMPA-type receptors on the HBCs driven by the cones and thus to a reduction of the shunt the cone pathway imposes on the rod pathway. The HBCs are now almost entirely roddriven. Similar arguments hold for the DBCs. In the dark, the glutamate release is high. The cone-driven pathway opens a conductance with a reversal potential around − 60 mV and the rod pathway closes a conductance around 0 mV (Saito, Kondo & Toyoda, 1979 . Again, if the glutamate release of the cones is very high in the dark-adapted state, then the cone-pathway in the DBCs would shunt the rod-pathway. Via this pathway, GABA could switch between rod and cone driven signal processing in the retina. This resembles the rod/cone interaction as discussed by for instance Frumkes and Wu (1990) . However, note that since the release of GABA is modulated by dopamine (Yazulla & Kleinschmidt, 1982 , the proposed mechanism has presumably a time constant in the minute range. This is much slower than the mechanisms for rod/cone interaction discussed by Frumkes and Wu (Frumkes & Wu, 1990) .
Evidence for the shut down of the cone responses during dark adaptation comes from, for instance, Witkovsky and co-workers (Witkovsky, Stone & Besharse, 1988; Witkovsky, Stone & Tranchina, 1989) . They showed that the cone-mediated responses in mudpuppy HCs strongly reduce in the dark-adapted retina. Similar results can be found in the work of Mangel and co-workers (Mangel, Baldridge, Weiler & Dowling, 1994; Wang & Mangel, 1996) . They showed that conedriven responses in HCs of goldfish are absent in the Corrections for time-dependent changes in peak current and Boltzmann-fit activation midpoint are not made in this figure, but we note that in this cell the midpoint measured in pH 7.4 changed from −9 mV at 362 s after breakthrough (shown here) to − 11 mV at 923 s and to − 12 mV at 1235 s, while the last IV-curve illustrated (7.15) was made at 1026 s. Lines connect the dots. (Bottom) Summary of activation midpoint shifts in different pH values. The solid circles are from two cells in 3 mM Ca 2 + , and the open circles are from nine cells in 10 or 20 mM Ba 2 + . The two curves are least-squares fits to the data. The solid line has a slope of − 15.5 mV/pH unit, and the broken line is a second-order polynomial given by 317 − 71(pH) + 3.81(pH) 2 , which gives a slightly better fit than the line (Barnes & Bui, 1991) . Printed with permission of The Society of Neuroscience Fig. 17 . The effects of hyperpolarization and feedback on the synaptic gain of the cones. The synaptic gain is defined as the change in Ca-current per millivolt change in cone membrane potential. Due to the non-linearity of the Ca-current, the synaptic gain strongly varies with polarization. The slope of the Ca-current is a direct measure for the synaptic gain. The left panel show the IV-relation of the Ca-current of a cone in the goldfish retina when the cone is saturated with a small spot (1) and when the cone is stimulated with a full field in addition (2). The right panel shows part of the IV-relation. In the dark the cone rests relatively depolarized producing a relatively large Ca-current and thus a large glutamate release. In addition the synaptic gain is high. Light stimulation leads to hyperpolarization of the cone and to a reduction of the Ca-current and glutamate release. Furthermore, the synaptic gain reduces. The reduction in glutamate release results in hyperpolarization of the HCs. This leads to a shift of the Ca-current activation range in the cones. This leads to an increase in Ca-current and thus to an increase in glutamate release and thus to an additional depolarization of the HCs. In addition to this, negative feedback strongly modulates the synaptic gain of the cone.
completely dark adapted retina. Finally Raynauld (Raynauld, Laviolette & Wagner, 1979) showed that the cone-mediated response in ganglion cells in the goldfish retina disappeared during dark adaptation and recovered when the retina was light-adapted again. This switch took place with a time constant of several minutes.
The feedback neurotransmitter
The next section deals with the possible mechanisms or neurotransmitters involved in the feedback induced modulation of the Ca-current of the cones. Discussed will be: (1) electrical feedback; (2) nitric oxide; (3) glutamate; (4) chloride concentration; and (5) proton concentration.
Electrical feedback
Byzov and co-workers formulated an elegant model for negative feedback from HCs to cones (Trifonov, Byzov & Chailahian, 1974; Byzov & Shura-Bura, 1986; Byzov, 1994) . The model (Fig. 12) is based on the notion that the cone synapse of, at least, teleost fish has a relatively large extracellular synaptic space. In the dark, cones release glutamate which opens an AMPAtype conductance (g synaptic ) in the HCs. Through this conductance, current will flow from the bath medium into the HC. Because the extracellular fluid has a finite conductance (g ex ), a voltage drop will arise across the extracellular synaptic space (between points 1 and 2 in Fig. 12 ). The consequence is that at the location of the AMPA-type receptors on the HCs in the synaptic terminal of the cones, the extracellular potential is no longer zero. This makes the potential difference across the cone membrane potential in the synaptic terminal smaller than when no current flows into the HCs. The Ca-channels are located in the synaptic terminal of the cones (Taylor & Morgans, 1998) and they are voltage dependent. These channels will sense the potential difference across the cone membrane in the synaptic terminal. This potential difference depends on the activity of the HCs. Hyperpolarization of the HCs by annular stimulation will lead to an increase of the current through the extracellular synaptic space and thus to a larger voltage drop in the extracellular space. The result is that the potential sensed by the voltage dependent Ca-channels will be reduced. In voltage clamp experiments this will be seen as a shift of the activation function of the Ca-current in the cones to more negative potentials. In this respect the feedback, described by Verweij et al. (1996) , is in accordance with the electrical feedback model.
We have put the electrical feedback hypothesis of Byzov and co-workers to a test. Byzov's model predicts that hyperpolarization of HCs without changing the conductance of the AMPA-type receptor (g synaptic ) on the HCs will lead to a shift of the activation function to more negative potentials, whereas hyperpolarization of HCs with a reduction of the conductance of the AMPA-type receptor (g synaptic ) will lead to a shift of the activation function to more positive potentials. This prediction could be tested easily. It was found that both the surround stimulation induced current (Fig. 6) and the DNQX induced current in cones (Fig. 13) are very similar and that both are due to the modulation of the activation function of the Ca-current in the cones (Ver-weij et al., 1996) . This finding is contrary to the prediction of the electrical feedback hypothesis and our experiments prove directly that the negative feedback, as identified in our experiments, cannot be due to electrical feedback as formulated by Byzov and co-workers.
Could some experimental factors have influenced our results? Did the cones we recorded from release glutamate and are the AMPA-type receptors on the dendrites in the synaptic terminal of the cones we recorded from activated? Let us assume that the cones we recorded from would not have been capable of releasing glutamate, then the AMPA-type receptors on the HC dendrites in the cone terminal would have been closed and the electrical feedback mechanism would have been ineffective and no feedback signal would have been measured. However, we did find a feedback signal fulfilling all the properties one would assign to the feedback pathway.
So, summarizing at this moment there is direct evidence that HCs do not feedback to cones via an electrical feed-back mechanism that involves AMPAtype conductances on the HCs.
Nitric oxide
Nitric oxide synthase is localized in the HC (Baldridge, Jamieson & Ball, 1993; Weiler & Kewitz, 1993; Liepe, Stone, Koistinaho & Copenhagen, 1994) . This makes NO a perfect candidate for the feedback neurotransmitter. Recently Barnes and co-workers showed that retinal cones possess a cGMP modulated Ca-channel which can be modulated by NO (Savchenko, Barnes & Kramer, 1997) . Fig. 14 gives the IV-relation of this cGMP gated current in salamander cones. NO opens an almost linear conductance with a reversal potential near 0 mV. They argued that NO is the feedback neurotransmitter from HCs to cones. Although they showed that NO modulates the release of glutamate from cones and that NO interferes with the synaptic transmission between cones and HCs, they did not show that NO is the neurotransmitter responsible for the so-called surround-induced responses in cones by using light stimuli.
With light stimulation it has been shown that, at least in goldfish, HCs feed back to the cones by shifting the activation function of the cone Ca-current. No changes in the IV-relation were found at potentials below about − 55 mV or above about − 10 mV. The IV-relation of the surround-induced responses in the cones differs significantly from the NO induced IV-relation as follows from the comparison of the IV-relations given in Figs. 9 and 13. This shows that the feedback signal from the HCs to the cones, responsible for the surround-induced responses, is not due to the modulation of the cGMP-gated channel when one uses light. The cGMP-gated channels do not play a role in the fast feedback pathway, but have presumably a function in the much slower modulation of the synaptic transmission during, for instance, light/dark adaptation. Fig. 18 . Spectral sensitivity curves of the various cone types () and the feedback signals the various cones receive () in isolated goldfish retina. Whole cell patch clamp techniques were used to determine these curves. The spectral sensitivity of the cones was determined under current clamp by stimulating the cones with a 65 mm spot of various intensities and wavelength. The spectral sensitivity of the feedback signal was determined under voltage clamp. The cones were clamped at about − 48 mV, saturated by a bright white spot of 20 mm and stimulated with full field stimuli on various intensities and wavelength . Printed with permission of Cambridge University Press.
Glutamate
Various reports show a link between glutamate and the modulation of Ca-currents. Anwyl (1991) showed that glutamate can inhibit directly Ca-currents and Dixon and co-workers (Dixon, Takahashi & Copenhagen, 1993) showed that glutamate can inhibit Ca-currents in catfish HCs by raising the intracellular pH. Recently it has been shown by Brandtstätter et al. (Brandstätter, Koulen, Kuhn & Wässle, 1998) that the cones in the rat retina possess metabotropic glutamate receptors which can modify the Ca-influx into the cones. This raises the possibility that glutamate is the feedback neurotransmitter. HCs are sensitive to glutamate but the commonly held notion at this moment is that they do not release glutamate. In the dark, cones release glutamate at a high rate. If glutamate inhibits the Ca-channels, then the Ca-influx in the cones will be reduced by their own glutamate release. Light stimulation leads to hyperpolarization of the cone, yielding a reduction in the glutamate release, and the inhibition of the Ca-channels in the cones would be relieved. This dis-inhibition of the Ca-channels would lead to an increase of the glutamate release. This is a negative feedback pathway. The increase of glutamate release by the dis-inhibition of the Ca-channels will always be less than the initial reduction in glutamate concentration because otherwise the system would not be stable. Although this is a negative feedback pathway in the OPL, it cannot account for the feedback pathway from HCs to cones because that pathway is spatially wide whereas the glutamatergic pathway could also be activated by small spots.
However, it has been shown in rat that HCs express the glutamate re-uptake carrier EAAC1 (Schultz & Stell, 1996) . This transporter would lead to glutamate uptake with hyperpolarization of the HCs, which lowers the glutamate concentration in the synaptic cleft of the cones. This is positive feedback. As a result, one could argue that the inhibition on the Ca-channels would be reduced and that the glutamate release would increase, yielding negative feedback. As argued above the stability criterion imposes that the increase in glutamate concentration by dis-inhibition of the Ca-channels will always be less than the reduction of the glutamate concentration leading to this dis-inhibition. Since negative feedback is characterized by an increase in glutamate concentration near the glutamate receptors on the HCs, it is highly unlikely that glutamate is the negative feedback neurotransmitter.
Chloride concentration
The extracellular Cl-concentration has been shown to modulate the synaptic transmission between cones and second order neurons in salamander and mudpuppy retina (Thoreson, Nitzan & Miller, 1997) . Fig. 15A shows the responses of a HC, a DBC and a HBC in salamander retina when incubated with various concentrations of extracellular Cl − . Relative small changes in extracellular Cl − lead to a relatively strong modulation of the response amplitude of at least the HCs and HBCs. It was shown that the underlying mechanism for these changes is the modulation of the Ca-current in cones. Fig. 15B shows the IV-relation of cones in control and in low Cl-Ringer's solutions, showing that low Cl − reduces the Ca-current in cones. Could HCs modulate the extracellular Cl-concentration and might this be the signal that modulates the Ca-current in cones? Scrutinizing the data of Thoreson and co-workers (Fig. 15B) shows that the low Cl − induced modulation of the Ca-current differs significantly from the feedback-induced modulation as found in goldfish (Fig.  9) . Cl − changes the IV-relation most profoundly at potentials more positive than −50 mV, whereas feedback modulates the Ca-current only in the range from − 55 to − 10 mV. Although modulation of extracellular Cl − leads to the modulation of the Ca-current in cones in salamander, it does not seem to be the neurotransmitter involved in negative feedback from HCs to cones.
Proton concentration
Extracellular pH is known to modulate the activation function of the Ca-channels strongly (Barnes & Bui, 1991) . Fig. 16 shows the IV-relation of the Ca-current in salamander cones measured at different pH values. High pH yields a relative hyperpolarized activation function whereas low pH yields a depolarized activation function. Comparing Figs. 9 and 16 shows that pH modulates the Ca-current in a similar manner as negative feedback. It seems however that lowering the pH below 7.4 reduces the Ca-conductance in addition. The pH-effect on the activation function of the Ca-current opens the possibility that local pH changes in the synaptic cleft might be responsible for the observed surround-induced shift of the activation function of the Ca-channels. These pH changes might be due to the activation of, for instance, neurotransmitter uptake systems in HCs (Bouvier, Szatkowski, Amato & Attwell, 1992) . This makes the extracellular proton concentration a likely candidate for the negative feedback neurotransmitter.
Summarizing
Although there are several candidates for the negative feedback neurotransmitter, for none of them is any direct evidence available. The extracellular proton concentration seems at this moment the most promising possibility.
Function of the feedback pathways in the outer retina
The mechanism of feedback from HCs to cones as we have described, has a number of consequences for signal transduction and processing in the retina. In Fig.  10 , we illustrated that the feedback on the Ca-current is a negative feedback pathway. In that discussion we only took the sustained membrane potential changes into account.
Is this indeed the most relevant signal? Generally speaking the neurons in the outer retina respond with sustained membrane potential changes whereas in the inner retina, the neurons tend to respond with transient membrane potential changes. The whole visual system seems to be more tuned for changes than for constant stimuli. One could argue that since the visual system is not tuned primarily for sustained stimuli, also the sustained membrane potential changes of the outer retinal neurons are not of particular interest to the brain. Following this line of reasoning, this would mean that only the initial part of the response of, for instance, a cone will be transmitted to the brain. Taking this one step further, this would lead to the conclusion that the initial slope of the response carries the most information about the visual world. This slope is for a large part determined by the synaptic gain of the cones. In the following discussion, we will use as a definition of synaptic gain: change in cone Ca-current/change in cone membrane potential (pA/mV). Fig. 17 shows the IV-relation of the Ca-current of the cones with and without feedback. This figure is based on direct measurements of the Ca-current in the cones. At the resting membrane potential there is a certain amount of Ca-current (about − 28 pA). A small change in cone-membrane potential around the resting potential will induce a large change in Ca-current and thus in glutamate release. The slope of the Ca-current is steep and thus the synaptic gain is high (about 4.4 pA/mV). When a cone is stimulated by light it hyperpolarizes, the Ca-current reduces (to about − 8 pA) and the glutamate release declines. A similar small change in cone-membrane potential around the light potential will now induce a much smaller change in Ca-current and thus in glutamate release. The synaptic gain has been reduced (to about 0.8 pA/mV) because the slope of the Ca-current at the light potential is shallow. Hyperpolarization reduces the synaptic gain. Now let us consider what happens when a cone receives a feedback signal. Hyperpolarization of the HCs results in a shift of the cone Ca-current activation function to more negative potentials. This will increase the Ca-current (to about 14 pA) and thus the glutamate release but it will also increase the synaptic gain (to about 4.8 pA/mV), at least in the physiological membrane potential range.
Hyperpolarization of a cone reduces the synaptic gain whereas negative feedback increases the synaptic gain of the cone. These are two very important notions and will give a completely different view on the processing in the OPL. To appreciate the consequences we have to consider the spectral properties of the various signals in the cones. Kraaij and co-workers determined both the spectral sensitivity of the cones and of the feedback signal the various cone types receive in the goldfish retina. In Fig. 18 the spectral sensitivity of the various cone types (closed symbols) and the spectral sensitivity of the feedback signal in the cones (open symbols) are depicted. It is obvious from this figure that the cones are spectrally highly tuned and that the feedback signals they receive are spectrally very broad.
As argued before, direct light stimulation reduces and negative feedback increases the synaptic gain. For Scones stimulated with a spatially wide red stimulus, this means that the synaptic gain is not reduced due to direct stimulation but that the synaptic gain is increased by the feedback signal they receive. The L-cones, on the other hand, are directly stimulated by the spatially wide red stimulus and they receive a feedback signal. However, the overall effect will be that their gain reduces. Thus, the spatially wide red stimulus will increase the synaptic gain of the S-cones and decrease the synaptic gain of L-cones. It seems that the feedback pathways in the retina compensates for the red illumination by making the S-cones synaptic gain higher and reduce the synaptic gain of the L-cones. In this way the negative feedback pathways in the outer retina seem to compensate for the spectral composition of the global illumination. Recently, we have proposed that in this way feedback induces color-constancy in the visual system . The HC system is a gain control system that balances the output of the various cone systems such that a white object remains white almost independent of the spectral composition of the global illumination.
If one focuses on the sustained membrane potential changes then the picture would have been completely different. For full field red-light stimulation, the Scones receive a strong feedback signal while they are not stimulated directly by the light. The result is that they increase their neurotransmitter release. If one considers the sustained membrane potential changes then the S-cones would have signaled to the brain increased darkness. The L-cones on the other hand, will be stimulated strongly by the red-stimulus and thus reduce the glutamate release and thus signal to the brain increased lightness. The two cone systems would have become less balanced instead of more balanced.
If indeed only the first part of the response carries the information why then are HCs sustained responding neurons instead of transient responding neurons? HCs measure the properties of the global illumination by integrating over the spatial, spectral and temporal domains. This makes their output rather independent of fast, and local changes in the visual scene and thus yield a better estimation of the mean properties of illumination. This signal is used to adjust the gain of the various cone synapses such that they are balanced for the existing illumination. For the system to work in this way, the adjustment of the synaptic gains must remain present as long as the global illumination has not changed. These changes will be rather slow. Therefore HCs should respond with sustained membrane potential changes instead of transient membrane potential changes. The signal that is used by the visual system is the change in cone output after adjustment by the HC layer. This signal is the input to the BCs.
The above considerations lead to the conclusion that the lateral interactions in the outer retina have a completely different nature than those in the inner retina. In the outer retina the negative feedback from HCs to cones is a gain control system that keeps the various cone systems balanced whereas in the inner retina the negative feedback system functions as a contrast enhancement system.
